The results from the available data show significant differences between the 2 upstream and downstream sites in three streams for several water quality parameters, and two streams that showed very little difference between upstream and downstream sites. The streams with the greatest variance in land use across the subwatershed had the most significant changes in water quality between the upstream and downstream sites. This study concludes by looking at stream daylighting as an option for both ecological restoration and social benefits. Recent efforts to design around existing nature and daylight streams in urban environments have contributed to improved water quality, increased biodiversity, community engagement, and reduced strain on aging sewer infrastructure.
Introduction:
Stream burial is a common pattern of urban development that originated in the late 1800s with early urbanization. Over the last 150 years, stream channels across urban areas have been altered, buried, and diverted, creating riverless urban centers called urban stream deserts (Napieralski et al., 2015) . These urban stream deserts have been identified in several cities across the U.S. and follow similar patterns of dense population and high percentages of impervious area. These areas often suffer from reduced drainage capacity, increased infrastructure expenses, degraded water quality, and diminished aquatic habitat (Walsh et al, 2005; Elmore & Kauchal, 2008; Jacobson, 2010; Napieralski et al., 2015) Piecing together the historic paths of Portland's streams is an interpretive art as streams have been buried, diverted, culverted and piped, while the urban core has been flattened to accommodate growth. Portland's urban core, located in the lower Willamette Basin, was historically characterized by vast hydrological connectivity and hydric soils with wetlands and lakes supporting abundant aquatic life (Douglas, 1914) . Several tributaries in Portland's urban forest, Forest Park, flow in open channels until they abruptly disappear underground into pipes below railroad tracks and industrial areas; reappearing at their final destination at the Willamette River. Outside of the urban forests, some streams flow in and out of pipes along their route to the Willamette, while others have been buried completely and combined into the sewer systems.
While several streams run underground in Portland's deteriorating stormwater and sewer infrastructure, others are re-routed through backyards and perforated pipes in residential and commercial areas. The 80-year-old stormwater/sewer system designed to handle these streams is currently experiencing decreased capacity for runoff resulting in leakage, reduced water quality, combined sewer overflow events, increased flood risk, and significant operations and maintenance costs (Broadhead et al, 2015; BES, 2016) . The ecological impact of urban development on streams is widely referred to as urban stream syndrome; a condition that includes poor water quality, channel degradation, habitat loss and flashy hydrographs (Walsh et al, 2005) . While stream degradation is associated with urbanization, the impacts are not uniform over space and time. Stream health is dependent on a variety of factors and will vary by geography and hydrometeorological conditions (Tong & Chen, 2003; Walsh et al, 2005, Chen and Chang 2014) . The effects of pipes on stream health across a number of different small watersheds have relatively understudied.
Stream daylighting is the re-creation of open channels from buried, piped, or culverted streams. Benefits of stream daylighting include reduced peak flows, improved water quality, improved habitat for biological communities, increased hydrological connectivity, erosion reduction, and resilience against flooding (Pinkham, 2000; Smith, 2007; Wild et al; 2010 , Neale & Moffett 2016 . A daylighting study conducted in New Zealand revealed immediate changes in taxa between pre and post daylighting with a dramatic increase in biodiversity in the daylighted reaches (Neale & Moffett, 2016) . Zurich, Switzerland has implemented a citywide stream daylighting policy resulting in the restoration of over 10 miles of open channels and a reduction of approximately 37% of surface water runoff to the combined sewer system (Conradin & Buchli, 2004; Smith, 2007) . Stream daylighting projects in Seattle and San Francisco have documented positive impacts on species biodiversity, stormwater management and community engagement (Pinkham, 2000; Smith, 2007) .
In an urban environment, it is often only feasible to daylight small reaches of streams on parcels of public land. While this may not be conducive to broader ecological benefits, nor is it ideal for a holistic approach to watershed management, the social benefits endure. It can be argued that social and ecological perspectives in restoration are of equal importance.
Interdisciplinarians interested in urban ecology have seen a recent emphasis on the social functions of human-nature interactions and the ecological impacts of a positive perception of nature (Miller, 2002; Miller et al, 2006; Standish et al, 2012) . Researchers in the field of conservation psychology have shown the positive cognitive and affective responses to nature, as well as the importance of education and play in influencing positive human perceptions of nature (Clayton & Meyers, 2009) . Given the positive social impacts of stream daylighting, it would be ideal to identify areas where a daylighting project would be a service to people in the low to medium income bracket and where population is dense.
The purpose of this study is thus to determine the impacts of urban stream burial in Portland and identify potential areas for stream daylighting. This study compares five urban subwatersheds with varying degrees of burial that collect varying types of runoff. The streams are evaluated based on the comparison of water quality attributes as a reference for the ability to support aquatic life. The results of these conditions can be used not only to support the argument for stream daylighting, but also to prevent further stream burial to vulnerable places. The combination of water quality analysis and a review of stream daylighting potential will reveal that stream daylighting not only provides aquatic habitat and ecosystem services, but also demonstrates the important intersection between urbanization and conservation.
This study seeks to answer the following questions: 
Study area:
This study identifies characteristics of five subwatersheds located in the lower Willamette Basin. The study area consists of Tanner, Doane, Miller, Saltzman, and Stephens Creek subwatersheds (Figure 1 ). These subwatersheds were chosen because they represent a range of disturbance and they are located in west side of the Willamette river basin to control for other potentially confounding factors. Table 1 summarizes the land use and zoning characteristics of each study subwatershed. Tanner Creek is piped from its headwaters in a conservation zone to its confluence at milepost 11 in the Willamette River. Tanner Creek runs in pipes directly under Portland's urban core and has cultural importance as one of the city's most well-known lost streams. The majority of the pipe is fed from the remaining intermittent headwater streams of Tanner Creek and the adjacent stream Johnson Creek. Runoff from roads enters the pipe after being filtered through a series of swales before disappearing underground for its conveyance route to the river. zones. There are several major corridors that intersect and follow the creek before it reaches the Willamette River. Stephens Creek is characterized as highly urbanized and will be used as a comparison for the other streams in the study. 
3.

Data and Methods:
Data
The water quality data used for analysis include stream temperature, pH, Dissolved
Oxygen (DO), conductivity, and Total Suspended Solids (TSS) ( Table 2) 
Archival Analysis
Portland Combined, these documents provide insight not only to Portland's urbanization process, but also to the shifting attitudes toward streams and rivers in an urban environment. 
GIS and Spatial Analysis
This study explores relationships between urban development and urban streams through a series of GIS and spatial analysis. GIS analysis of stormwater pipe networks and impervious surface area were used to identify patterns in urban development. Kernel Density analysis was run to visually identify patterns in the distribution of pipe networks and impervious areas and to determine their spatial relationship with open stream channels. Nearest Neighbor analysis was used to identify statistically significant clustering of streams, impervious area and pipe vertices.
Zoning and land use designations were used to determine differences in land use throughout each subwatershed in the study.
The urban stream desert was derived from Getis-Ord G* Hot Spot analysis of pipe vertices and impervious area (Getis & Ord, 1995) . The Getis-Ord G* Hotspot outputs were rasterized and merged to distinguish existence of a stream desert. The stream desert is identified in the instance that both impervious area clustering and pipe vertices clustering were statistically significant in concurrent locations. The delineated stream desert was then compared to historical maps and documents to confirm the past existence of hydrological connectivity. household income was overlaid to identify potential for stream daylighting in low to middle class neighborhoods in the study area.
Statistical Analysis
The mean values of water quality were compared using paired t-tests to detect significant statistical differences in water quality between upstream and downstream locations at a 10% significance level. The comparison results were used to determine the relationship between land use and stream burial with overall stream health. In order to identify the relationship between impervious area and the percent of piped streams, a Spearman's Rank correlation coefficient was computed across 18 subwatersheds in the lower Willamette Basin. The non-parametric statistic was used as the sample size is relatively small and the data are not necessarily normally distributed.
4.
Results
Portland's Urban Stream Desert
The early attitude toward urban streams in Portland is well documented in historic Figure 6 indicates the relationship between buried streams and impervious area for 18 subwatersheds in the lower Willamette Basin; as the percent of impervious area increases, the percent of piped streams also increases. It is interesting to note that the relationship between percent impervious area and percent of stream piped is not straightforward when subwatershed percent impervious area ranges from 30% to 50%. 
Spatial patterns of stream density
Land use patterns indicate that stream burial is highest in the commercial, industrial, and high density residential areas, and lowest in environmental protection zones and open spaces.
While urban stream density analysis reveals that open channels are significantly clustered in
Forest Park and along the west side corridor, stormwater pipes and impervious area density are highest in the westside urban core and extend approximately five kilometers east of the Willamette River (Fig 7 and Fig 8) Table 4 : P-value results for paired T-Tests comparing upstream and downstream sites. * = Statistically significant at the 0.1 level, ** = statistically significant at the 0.05 level; *** = statistically significant at the 0.01 level, n.s = not significant Figure 9 combines median household income (9a) and population (9b) to determine areas of Portland with a combination of high population density and low to medium income levels.
Impacts of burial on water quality
Stream daylighting potential
The darker shaded areas in figure 8c indicate parcels with a median household income of $6,885 -$35,546 and a population density of 240 -1,900 people per 5 km 2 . Figure 9 (c) exhibits a random distribution of parcels meeting the criteria on the east side in the urban stream desert, and a clustered distribution in the densely populated downtown area. In comparing the three subwatershed areas, the analysis indicates that the lower reach of Tanner Creek stands out as a potential candidate due to the combination of dense population and low to middle range median household income. Tanner Creek runs through 10,706 meters of pipe of which 2,813 meters is routed through parcels that meet the social criteria. Comparatively, there are no pipes in Miller Creek that run through parcels meeting the social criteria. Stephens
Creek has 66 meters of pipe running through parcels that meet the social criteria, however, they are culverts that run under major arterials and would not be suitable for daylighting.
5.
Discussion:
Spatial patterns of stream desert and its relation to history of development
Spatial patterns indicate that urban development is the major underlying cause of stream burial. It was (and often still is) common practice in urban development to pipe streams wherever possible rather than face the inconvenience of building around them. Historic records have
shown that the Eastside of Portland was the first to be subject to urban sprawl given its flat topography; highly accessible for residential and industrial development. Conversely, Portland's Westside is characterized by steep hills and unstable soils making it much less conducive to development. Portland's early Westside development was mainly limited to the flat lowlands near the Willamette River. In many ways, Portland's varied topography defined which streams have been buried and which have remained open channels.
While stream burial is directly related to urban development, there may not be a linear relationship between stream burial and percent of impervious area. Figure 6 indicates that for subwatersheds with between 30% -50% impervious area, the percent of piped stream varies by as much as 70%. Subwatersheds in the non-linear category should be examined more closely for restoration potential. For example, a subwatershed that has lower percent of impervious area than the percent of piped stream, may have more potential sites for daylighting. Streams on the westside fit such criteria due to the large open spaces that are not available for development.
Subwatersheds with 80% -100% of the stream piped, regardless of impervious area, appear to have very little potential for restoration due the severe lack of connectivity and surrounding built environment.
Impacts of development on stream degradation
Stream function and health are heavily impacted by the change in drainage patterns in urban catchments (Julian et al, 2015; Wietzel et al, 2016) . While natural streams retain water and function in a way that allows the absorption and filtration of nutrients, urban drainage networks convey water and pollutants directly into receiving streams (Walsh et al, 2016) . The upstream and downstream comparison results support the argument that piping streams, confounded by urban development, diminishes stream health and functionality.
The stream degradation associated with urbanization includes increased flashiness, reduced biodiversity, altered geomorphology, and increased nutrient loading (Julian et al, 2015; Walsh et al., 2016; Wietzel et al, 2016) . With the increase of impervious area, stormwater moves more quickly into both open channels and stormwater drains. Not only does this contribute to a flashy hydrograph, but it also provides a conduit for pollutants to go directly into the streams and rivers without the opportunity to filter through vegetation and soil (Hatt et al, 2004; Walsh et al, 2005; Jacobson, 2011) . Additionally, the increase of impervious area and loss of permeable soils and wetlands reduces groundwater recharge, negatively impacting base flow (Chang 2007 , Hale et al., 2015 Walsh et al. 2012) . Habitat loss associated with altered stream channels have contributed to increase of invasive species and limited fish passage (Cooper et al, 2013) .
While stream degradation is widely known to be associated with urbanization, measuring the impact of urbanization has proven to be challenging due to the variation across urban areas and the difficulty in referencing a target condition. For instance, there are several streams just outside the Portland area that are not impacted by urbanization, however they are experiencing degradation associated with rural agricultural runoff (Pratt and Chang 2012) . By analyzing water quality parameters between upstream and downstream sample points of several urban streams, impacts of urban development can be compared across a variety of land uses.
Limitations to these results include the difference in data points and number of observations. With the exception of Doane Creek, there were many more observations for the downstream points than the upstream points. Given the nature of observational data and the confounding factors of urban development and stream health, it is difficult to determine whether increased stream burial is a direct cause of degraded water quality, or whether it works in tandem with other factors that contribute to degraded water quality (such as land use patterns and existence of major roads). Patterns in urban development and variation of land use are often synonymous with both stream burial and degradation, indicating that a more controlled data collection design would be necessary to further assess the impacts of stream burial on water quality.
Impacts of stream burial on water quality in relation to regulatory standard
The Oregon Administrative Rules (OAR 340-041-0016 ( processes (Mayer, 2012; McCullough et al., 2009 ). Further research is necessary to determine whether daylighting Tanner Creek in strategic areas would reduce the temperature on the hottest days and provide a refuge for cold water habitat.
While water quality criteria have not been established for TSS, its positive correlation with other stormwater pollutants is widely known (Maybeck et al, 2002; Gray et al, 2000) . The
Portland Stormwater Management manual acknowledges the that increases TSS levels are related to urban development and requires a 70% removal of TSS from 90% of the average annual runoff from new development. While the USEPA has yet to set guidelines on TSS levels,
The Ministry of Environments Land and Park, British Columbia has set a measurement guideline of 25 mg/L for aquatic life (Singleton, 2001 It must be acknowledged that there are many complex factors when determining the feasibility of stream daylighting; i.e. rate-payer agreement, private property owner compliance, combined sewer system separation, and maintenance obligations. These factors cannot always be accurately modelled or quantified and require consideration on a case by case basis. Indeed, further multi-criteria analysis of the east side urban stream desert would be necessary given the severely altered stream routes; in many cases historic streams have been routed through the sewers and combined on the way to the waste water treatment plant. While a multi-criteria model for identifying potential sites for daylighting is beyond the scope of this study, this analysis offers a start at identifying potential sites with a spatial equity lens. Median household income and population density can be used as parameters for finding areas where the most people will benefit from a daylighting project. As such, this comparison method used in our current study can be used as a starting point for identifying project locations that would meet the needs of the community.
6.
Conclusion:
This study was initiated by four key goals related to stream burial in Portland, Oregon:
(1) To examine the history of urban stream burial, (2) to determine the patterns of stream burial and its relationship with impervious area, (3) to identify impacts of stream burial on water quality, and (4) to identify the social and ecological benefits of stream daylighting.
Archival analysis was performed to confirm the past existence of hydrological connectivity in the city, and to provide a historic lens to the reason behind aggressive stream burial. It can be concluded that early urbanization, the implementation of the Portland's sewer and road infrastructure, and the attitude that urban streams impede development, have each contributed heavily to stream burial in Portland. It has been determined that topographical characteristics have largely defined which streams get piped and which do not. Flat topography on the east side has resulted in easier development and subsequently the existence of a vast urban stream desert. Portland's urban stream desert was delineated through spatial analysis and determined to cover 85% of the east side of the lower Willamette basin.
This study has identified a strong correlation between urban development and urban stream loss. Water quality analysis reveals that greater changes in water quality occurred in the streams with greater variation of land use. While the percent of pipe present in a stream was not a consistent indicator of all water quality parameters, given the association with urban development it can be argued that stream burial is associated with reduced water quality. This is particularly true for parameters such as DO and TSS which are heavily impacted by changes in channel complexity. This study is consistent with other research asserting that there are several confounding factors associated with land use, stream burial and stream degradation.
